Interactions between achromatic and chromatic mechanisms in visual search  by Nagy, Allen L.
Vision Research 39 (1999) 3253–3266
Interactions between achromatic and chromatic mechanisms in
visual search
Allen L. Nagy *
Psychology Department, Wright State Uni6ersity, Dayton, OH 45435, USA
Received 27 May 1998; received in revised form 24 November 1998
Abstract
The purpose of this study was to explore the interaction between achromatic information and chromatic information in a visual
search task. It is widely accepted that signals in second stage color opponent mechanisms vary with both the luminance and
chromaticity of a stimulus. However, detection experiments suggest a large degree of independence between chromatic thresholds
and achromatic thresholds. The independence at threshold has led to the proposal of a third processing stage in which achromatic
and chromatic information is separated. Experiments were designed to determine if variability in the luminance of distractor
stimuli made it more difficult to search for a target that differed in chromaticity. When the chromaticity of the distractors was
held constant variability in distractor luminance had little effect on search performance, but when signals in second stage color
opponent mechanisms were held constant variability in distractor luminance resulted in poorer performance. The results suggest
that search for chromatic targets is mediated by a processing stage that calculates the ratio of chromatic and achromatic signals
so that the chromatic signal is independent of stimulus luminance. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The purpose of the experiments described in this
paper was to explore the nature of the color coding
mechanisms mediating a visual search task. It is widely
accepted that color is coded in initial stages of the
human visual system by three neural mechanisms, two
color-opponent mechanisms and an achromatic mecha-
nism. Physiological studies of neurons in the optic
nerve and the lateral geniculate nucleus of monkeys
with visual systems similar to the human visual system
suggest that the two color-opponent mechanisms are
composed of two distinct classes of neurons tuned to
two different directions in color space (Derrington,
Krauskopf & Lennie, 1984; Lennie & D’Zmura, 1988).
In one of these classes the excitation of S cones is
opposed by the excitations of L and M cones (S (L
M)). In the other class of neurons signals from L cones
are opposed by signals from M cones (L–M). Psycho-
physical experiments with human observers suggest that
detection of a small brief stimulus that differs from a
uniform background only in chromaticity is limited by
color-opponent mechanisms like those in the optic
nerve and LGN. Thresholds for the detection of chro-
matic stimuli have been modeled with two independent
color-opponent mechanisms with probability summa-
tion between the mechanisms (Krauskopf & Gegenfurt-
ner, 1992; Cole, Hine & McIlhagga, 1993). Other
studies show that the excitation, adaptation, or habitu-
ation of one color-opponent mechanism has little or no
effect on the detection of a chromaticity difference
mediated by the other mechanism (Boynton & Kambe,
1980; Krauskopf, Williams & Heeley, 1982; Krauskopf
& Gegenfurtner, 1992).
The discrimination of suprathreshold stimuli that
differ in chromaticity has also been modeled with two
color-opponent mechanisms (Boynton & Kambe, 1980;
Calkins, Thornton & Pugh, 1992; Mullen & Ku-
likowski, 1990; Miyahara, Smith & Pokorny, 1993;
Yeh, Pokorny & Smith, 1993; Yeh, Smith & Pokorny,
1993). However, in some cases interactions between the
two mechanisms have been proposed to explain the
results of discrimination tasks with suprathreshold
* Fax: 1-937-775-3347.
E-mail address: anagy@wright.edu (A.L. Nagy)
0042-6989:99:$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
PII: S00 4 2 -6989 (99 )00009 -7
A.L. Nagy : Vision Research 39 (1999) 3253–32663254
stimuli (Boynton, Nagy & Eskew, 1986; Nagy, Eskew &
Boynton, 1987). In other studies the results have sug-
gested that chromatic discrimination may be mediated
by higher order mechanisms tuned to many different
directions in color space (Krauskopf, Williams, Man-
dler & Brown, 1986; Krauskopf & Gegenfurtner, 1992).
The involvement of higher order mechanisms in dis-
crimination is supported by studies of the tuning of
color-opponent cells in the striate cortex of monkeys
which suggest that cortical neurons may be tuned to
many different directions in color space (Lennie,
Krauskopf & Sclar, 1990). While the detection of a
chromatic stimulus on a background may be described
with a model in which detection occurs independently
in two color-opponent mechanisms, the discrimination
of chromaticities of suprathreshold stimuli may require
a model involving interactions between the two periph-
eral color-opponent mechanisms or perhaps higher or-
der chromatic mechanisms tuned to many different
directions in color space.
The relationship of the color-opponent mechanisms
to the achromatic mechanism has been a topic of
widespread interest. Physiological studies indicate that
a group of cells that project to or occupy the magnocel-
lular layers of the LGN are not color-opponent and
have transient response properties differing from the
sustained responses of the color-opponent cells that
project to the parvocellular layers. These transient cells
appeared to be a likely candidate for the neural sub-
strate of the achromatic mechanism since psychophysi-
cal studies with humans indicate that the achromatic
mechanism has better temporal resolution than the
color-opponent mechanisms. However, this class of
cells is relatively small in number, has large receptive
fields, and would be unable to produce the level of
spatial resolution attributed to the achromatic mecha-
nism (see Lennie & D’Zmura, 1988). This has led to the
belief that the L–M color-opponent cells in the periph-
eral visual pathways code achromatic intensity or lumi-
nance as well as chromaticity. Studies of color
opponent neurons in the LGN show that they respond
to both changes in the chromaticity and luminance of a
stimulus (DeValois & Pease, 1971; Derrington et al.,
1984). As a result it has been suggested that chromatic
and luminance signals are multiplexed within these cells
(Ingling & Martinez, 1983; Ingling & Martinez-Uriegas,
1985).
Psychophysical detection experiments have typically
suggested a large degree of independence between chro-
matic and achromatic signals (Kranda & King-Smith,
1979; DeValois & Switkes, 1983; Switkes, Bradley, &
DeValois, 1988; Cole, Stromeyer, & Kronauer, 1990;
Chaparro, Stromeyer, Kronauer, & Eskew, 1994; Mul-
len & Losada, 1994; Mullen, Cropper, & Losada, 1997),
though interactions between the achromatic and chro-
matic mechanisms appear to occur with suprathreshold
stimuli. This psychophysical evidence has lead to the
proposal of several models in which the color-opponent
and luminance signals are demultiplexed or separated
into different neural pathways at a higher stage of the
visual system in the cortex so that they are more or less
independent (Lennie & D’Zmura, 1988; Billock, 1991,
1995; DeValois & DeValois, 1993).
Signals in the peripheral color-opponent mechanisms
in the optic nerve and the LGN clearly are not indepen-
dent of the achromatic intensity or luminance of the
stimulus but grow with stimulus intensity as a result of
the differencing operations performed on the cone sig-
nals. Most of the neurons in striate cortex that respond
well to chromatic stimuli also respond to achromatic
stimuli (Lennie et al., 1990). The responses of these
neurons are thus ambiguous as chromatic signals unless
compared with an achromatic signal. That is a long-
wavelength (e.g. 660 nm) dim red stimulus can be
chosen so as to generate the same color-opponent sig-
nal as a more intense shorter wavelength (e.g. 620 nm)
orange stimulus. As a result it has been suggested that
perceptions of hue and saturation must be based on
both color-opponent and achromatic signals (Hurvich
& Jameson, 1957; Guth, 1996; DeValois & DeValois,
1996). Though many experiments suggest that the de-
tection of chromatic and achromatic stimuli on a uni-
form background occurs largely independently within
separate color-opponent and achromatic mechanisms,
masking experiments conducted by Gegenfurtner and
Kiper (1992) (but see Sankerelli & Mullen, 1997; and
Giulianini & Eskew, 1998; for conflicting evidence)
suggest that there may be higher order neural mecha-
nisms that are tuned to combined chromatic and achro-
matic signals. Such mechanisms may play a role in
mediating perceptions of hue and saturation.
Visual search tasks may be mediated by higher order
chromatic mechanisms and therefore may be useful for
revealing properties of higher order mechanisms that
are not easily revealed in simple detection and discrimi-
nation experiments. For example, D’Zmura (1991)
found that visual search for targets that differ in chro-
maticity from distractor stimuli of two different chro-
maticities cannot be explained easily with only two
color-opponent mechanisms. D’Zmura concluded that
such searches are mediated by higher order mechanisms
tuned to a wide variety of different hues rather than
just mechanisms tuned to two different hue directions.
Palmer and Teller (1993) used target and distractor
heterogeneity effects to explore further the mechanisms
that mediated visual search. Heterogeneity in the chro-
maticity of the target and distractor stimuli increased
the threshold for targets defined by a luminance differ-
ence. Their results suggested that the achromatic mech-
anism was not independent of the color-opponent
mechanisms in the search task. Subsequently, Bauer,
Jolicoeur, and Cowan (1996a,b) showed further that
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search performance does not depend only on the color
difference between target and distractor stimuli, but
that the linear separability of target and distractor
stimuli was clearly an important factor. Their results
clearly suggest that search performance is not mediated
by signals in individual cardinal color mechanisms. All
of these studies suggest that performance on visual
search tasks may be mediated by mechanisms that are
quite different than those that mediate detection of a
stimulus on a uniform background.
The experiments described below were designed to
test the hypothesis that visual search for color stimuli is
mediated by color-opponent mechanisms in which the
chromatic signals vary with stimulus luminance. The
hypothesis was based on the studies described above
which suggest that chromatic signals vary with stimulus
luminance in the neurons of the optic nerve, the LGN,
and striate cortex. The results show that this hypothesis
can be rejected and suggest that visual search for color
stimuli must be mediated by higher order mechanisms
which combine color-opponent signals and achromatic
signals to produce a chromatic signal that is indepen-
dent of stimulus luminance.
2. Methods
2.1. Equipment
Stimuli were generated on a Barco color monitor
(CDCT 5151) controlled by an AED Colorware 767
graphics processor. The graphics processor was in turn
controlled by an Apple IIE computer that was pro-
grammed to run the experiments and collect the data. A
Minolta CS-100 Colorimeter was used to measure the
chromaticities of the phosphors and to generate lookup
tables containing the phosphor luminances as a func-
tion of DAC value. The lookup tables were used in
conjunction with another computer program which
generated the DAC values required to produce a color
of specified chromaticity and luminance using a least
squared error criterion. This program was used to
generate values for the stimuli that were to be used in
the experiments which were then saved in a file that
could be read by the experimental program.
2.2. Stimuli
The stimuli were small disks 0.125° in diameter pre-
sented on a dark background. The background field of
the monitor appeared black and its luminance and
chromaticity could not be measured with the Minolta
Colorimeter. The disks were presented at random loca-
tions within a circular area 4° in diameter that was
centered on the color monitor. Stimulus locations were
chosen so that they were separated by at least 0.15° and
no two stimuli overlapped. On each trial the display
contained 53 distractor stimuli and one target stimulus.
The location of the target stimulus was chosen ran-
domly on each trial. In various different experiments
the target and distractor stimuli within a display might
differ in chromaticity or luminance or both chromatic-
ity and luminance. The chromaticities of the stimuli
were chosen in the chromaticity diagram described by
MacLeod and Boynton (1979). The axes of this space
are closely related to the two peripheral color-opponent
mechanisms described above. The ordinate of this space
represents the excitation of the S cones relative to the
excitation in the L and M cones (S:LM) and is
therefore closely related to the excitation in the S
(LM) color-opponent mechanism. The abscissa rep-
resents the excitation in the L cones relative to the sum
of the excitations in the L and M cones (L:(LM))
and is therefore closely related to the excitation in the
L–M color-opponent mechanism. S cones are assumed
to make no contribution to luminance so luminance is
equivalent to the sum of L and M.
In order to explore the relationship between each
color-opponent mechanism and the achromatic mecha-
nism, stimuli were chosen so as to vary in the excitation
they produced within one cardinal mechanism and the
achromatic mechanism, while the excitation of the
other cardinal mechanism was held constant. In Exper-
iment 1 excitation of the S (LM) mechanism was
held approximately constant at zero (at an S chromatic-
ity of 1.00) and stimuli were chosen so as to vary in
luminance and in the excitation levels they produced in
the L–M opponent mechanism. In Experiment 2 the
excitation of the L–M opponent mechanism was held
constant at zero (at an L chromaticity of 0.666) and
stimuli were chosen so as to vary in luminance and in
the excitation levels produced in the S (LM) oppo-
nent mechanism. Because of the eight bit resolution of
the graphics processor the desired colors could not be
produced precisely. However, errors in holding chro-
maticity constant along one axis while varying chro-
maticity along the other axis were very small.
Comparison of these errors to the chromaticity differ-
ences required to produce a detectable target suggests
that they were small enough so as to make little or no
contribution to the results.
2.3. Procedure
Observers viewed the monitor in a dark room with
flat black walls and flooring so that little was visible
other than the stimuli on the monitor. A chin rest was
used to stabilized head position. A brief warning tone
and a small dim fixation cross were presented prior to
each trial to alert the observer to the beginning of a
trial. During the presentation of the fixation cross,
examples of the target and distractor stimuli were pre-
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sented near the bottom of the screen in order to prompt
the observer as to the color of the target stimulus. The
fixation cross and prompt remained on the screen for 1
s. A variable dark interval from 250 ms to 1 s followed
the offset of the fixation cross and was followed by the
stimulus display. The observer was instructed to find
the target stimulus and depress a response button on a
joy stick control as rapidly as possible. The observer
was free to make eye movements during inspection of
the display if necessary. When the observer responded
the display went off, a cursor appeared on the screen,
and the elapsed time since the onset of the display was
recorded in ms. The observer then moved the cursor to
the target location with the joystick and depressed the
response button again. The target stimulus was then
displayed along with the cursor to give feedback to the
observer. The cursor position was compared with the
target position and if it was not located within 0.50° of
the center of the target the trial was recorded as an
error and a tone was sounded to indicate an error to
the observer. Response times on error trials were
thrown out. Trials were always run in blocks of ten and
target and distractor stimuli were held constant within
a block. If the observer made two errors within a block
of ten trials the block was discontinued and run again
later in the session. This ensured that accuracy was high
(90% or better) and approximately constant across
blocks of trials. Observers were instructed to respond as
rapidly as possible while maintaining high accuracy. An
experimental session typically lasted approximately 1 h
and typically consisted of approximately 12 blocks of
ten trials.
2.4. Subjects
Results were obtained from three observers in each
experimental condition. Two males and two females
with normal color vision served as observers in the
experiments. Two observers completed all conditions in
the two experiments while one of the other two observ-
ers participated in each experiment.
3. Results
3.1. Experiment 1
The first experiment consisted of five different condi-
tions that differed primarily in the nature of the distrac-
tor stimuli included in the display. In all five conditions
target stimuli were chosen from a line in the cone
excitation chromaticity diagram extending from a chro-
maticity of L0.666, S1.00 to L0.735, S1.00.
The luminance of all of the selected targets was fixed at
7.5 cd:m2 so the target stimuli varied only in L chro-
maticity. In Conditions 1 and 2 observers searched for
targets that were redder than the white distractor stim-
uli. In Conditions 3 and 4 observers searched for
targets that were less red than the reddish distractors.
In Condition 5 targets and distractors were selected so
as to determine if observers were capable of using
L2M signals when the use of such signals might aide
performance.
3.2. Conditions 1 and 2
Targets and distractor stimuli for Conditions 1 and 2
are shown in the lower right panel of Fig. 1. The
abscissa in this panel indicates luminance in cd:m2 and
the ordinate indicates the difference in L and M cone
excitations. The value of L–M was calculated from the
L chromaticity coordinate and the Luminance for each
target and distractor. M excitation values were multi-
plied by two because previous work on color discrimi-
nation and color appearance of stimuli on a dark
background suggests that L and M excitations cancel
each other at an L chromaticity of approximately 0.666
(Miyahara et al., 1993). The same set of target stimuli,
represented by the filled circles in the figure, were used
in these two conditions. All of the distractors in the two
conditions were chosen to have the same chromaticity
L0.666, S1.00, but differed in luminance.
In Condition 1 the distractors, represented by the
cross in Fig. 1, were all identical to each other and had
the same luminance as the target stimuli. As a result the
only difference in the signals generated by the target
and distractor stimuli should occur in the L2M
channel. In Condition 2 distractor heterogeneity was
introduced. Six distractor luminances, indicated by the
open squares in the figure, varying from 1.5 cd:m2 to 14
cd:m2, were selected. In each trial of this condition nine
randomly chosen distractor stimuli were assigned each
one of these luminance levels so that there were equal
numbers of distractors at each luminance level in a
given display. (There were only eight distractors at one
randomly selected luminance level, because one stimu-
lus was randomly selected to be the target.) The distrac-
tors varied in appearance from a dark gray to a bright
white. In Condition 2 targets differed from distractor
stimuli in both chromaticity and luminance, but since
the distractors were chosen to produce approximately
zero excitation in both the L2M channel and the
S (LM) channels, the signals generated by the
distractor stimuli in these two color-opponent channels
should be approximately the same as in Condition 1.
The difference between Conditions 1 and 2 is a test of
the effect of luminance variation on search guided by
L2M signals. Since the target stimuli are similar in
luminance to distractor stimuli that are slightly dimmer
and slightly brighter, the differences between the achro-
matic signals generated by the target and distractors
may not be very useful for finding the target in Condi-
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tion 2. If the observer uses only L2M signals to
search for the target, performance in Conditions 1 and
2 should be similar because the L2M signals gener-
ated by the target and distractors are similar in the two
conditions.
The other three panels in Fig. 1 show the log of the
response time in ms plotted as a function of the L-2M
signals generated by the target for three different ob-
servers. The crosses indicate results from Condition 1
and the open squares indicate results from Condition 2.
Each point indicates the mean response time across
four repetitions (four blocks of ten trials) of each
condition obtained on different days. Error bars indi-
cate plus or minus one standard deviation of the mean
of the four block means. In both conditions response
times decrease with increasing target L2M excitation.
For all three observers response times in Condition 1
are similar to those in Condition 2. Across all three
observers the mean difference in log response times
between the two conditions was 0.120 with a S.D. of
0.099. The variation in the achromatic signals generated
by the distractors has very little effect on the observers
ability to find a target that generates a different L2M
signal than the distractors.
3.3. Conditions 3 and 4
In Conditions 3 and 4, a reddish chromaticity was
selected for the distractors and observers searched for
targets that appeared to be less reddish than the distrac-
tor stimuli. Targets and distractors for these two condi-
tions are shown in the lower right panel of Fig. 2.
Targets were again chosen from a line extending from a
chromaticity of L0.666, S1.00 to L0.735, S
1.00 and were again set to a luminance of 7.5 cd:m2.
The chromaticity of the distractors was fixed at L
Fig. 1. Stimuli for Conditions 1 and 2 of Experiment 1 are shown in the lower right hand panel. Mean response times in log ms are shown as
a function of target L2M for three observers in the other panels. Condition 1 is indicated by crosses and Condition 2 is indicated by squares.
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Fig. 2. Stimuli for Conditions 3 and 4 of Experiment 1 are shown in the lower right hand panel. Mean response times in log ms are shown as
a function of target L2M for three observers in the other panels. Condition 3 is indicated by crosses and Condition 4 is indicated by squares.
0.735, S1.00. In Condition 3 the luminance of the
distractors (cross in figure) was fixed at 7.5 cd:m2 and
all of the distractors within each display were identical
to each other. In Condition 4 the distractors within
each display varied in luminance from 1.5 to 14 cd:m2.
Again there were an equal number of distractors at
each luminance level in each display so the mean lumi-
nance of the distractors across displays was approxi-
mately constant and equal to that in Condition 3. Since
the distractors generate an L2M signal of some
magnitude in these conditions, the introduction of lumi-
nance variation in the distractors introduces variation
in the L2M signals generated by the distractors.
Though all of the distractors appear to be a similar
reddish hue they vary in appearance from dim red to
bright red and generate L2M signals that vary from
small to large. Some of the distractors generate L2M
signals that are very similar to those generated by the
target stimuli. The targets all appear to be less reddish
than the distractors and at the lowest L2M levels
they appear to be approximately white. If an observer
were using L2M signals in color-opponent mecha-
nisms to find the target, it would be expected that
performance would be much better in Condition 3 than
in Condition 4, because of the variation in L2M
signals generated by the distractors in Condition 4.
Results for three different observers are shown in the
other three panels of Fig. 2. Response times are again
plotted as a function of the target L2M. Crosses
indicate mean response times in Condition 3 and open
squares indicate the mean response times in Condition
4. Error bars again indicate 91 S.D. of the mean
response times obtained on four different days. For
both conditions response times increased with increas-
ing target L2M excitation, but results for the two
conditions differed very little. The mean difference in
log response times for the two conditions was 0.066 log
units (S.D.0.066). The introduction of variation in
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the L2M signals generated by varying the luminance
of the distractors has little effect on performance sug-
gesting that L2M signals are not used by observers
in searching for targets in Condition 4.
3.4. Condition 5
Condition 5 was created to determine whether ob-
servers might use L2M signals to search for targets
when this might be an efficient means of performing the
search. Targets (filled circles) and distractors (open
squares) used in this condition are shown in the lower
right panel of Fig. 3. Distractors in each display again
were randomly assigned one of six luminance levels as
in Condition 4, but here the chromaticity of the distrac-
tors was covaried with the luminance level such that the
L2M signal generated by all of the distractors was
similar. Thus if an observer could use the L2M
signal to search for targets when it was an efficient
means of finding the target, we might expect that
performance in this condition would be similar to per-
formance in Condition 3. The results for three observ-
ers are shown in the other three panels of Fig. 3. The
open squares indicate results from Condition 5 and the
crosses indicate the results from Condition 3. (Condi-
tion 3 was not run again for observers ALN and BC.
For these two observers the crosses are replotted from
Fig. 2. Condition 3 was run concurrently with Condi-
tion 5 for Observer JM who replaced observer MD in
this condition.) Response times increase with increasing
target L2M excitation. Performance in Condition 5
is clearly poorer than in Condition 3 for all three
observers. Across all three observers response times
average 0.50 log units longer (S.D.0.189) or a factor
Fig. 3. Stimuli for Condition 5 of Experiment 1 are shown in the lower right hand panel. Mean response times in log ms are shown as a function
of target L2M for three observers in the other panels. Results for Condition 3 are indicated by crosses and results for Condition 5 are indicated
by squares.
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Fig. 4. Stimuli for Conditions 1 and 2 of Experiment 2 are shown in the lower right hand panel. Mean response times in log ms are shown as
a function of target S (LM) for three observers in the other panels. Condition 1 is indicated by crosses and Condition 2 is indicated by
squares.
of a little over three times longer in Condition 5 than in
Condition 3 for the sixteen target chromaticities that
were measured in both conditions on the same ob-
server. The results suggest that the observer cannot
efficiently use the L2M signals even when such sig-
nals would be an efficient means of detecting the target
among the distractors.
3.5. Experiment 2
The design of this experiment was similar to the first
experiment, but observers searched for targets that
differed from the distractors in S chromaticity. Five
conditions paralleling those used in Experiment 1 were
designed. Targets for all five conditions were chosen
from a line extending from a chromaticity of L0.666,
S1.00 to L0.666, S3.95 and target luminance
was fixed at 7.5 cd:m2.
3.6. Conditions 1 and 2
In Conditions 1 and 2 the chromaticity of the
distractors was fixed at L0.666, S1.00 and all of
the distractors used in these two conditions appeared
to be white. Observers searched for targets that
appeared to be bluer than the distractors. The stimuli
are shown in the lower right panel of Fig. 4. The
abscissa again represents luminance but the ordinate
represents the difference in the excitations of the S
cones and the sum of the excitations of the L and M
cones. In Condition 1 all of the distractors (cross)
within a display were identical and equal in
luminance to the targets. In Condition 2 the
luminance of the distractors within each display
varied from 1.5 cd:m2 to 13.5 cd:m2. The distractors
varied in appearance from gray to white. Since the
chromaticity of the distractors was chosen so
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as to produce zero signal in both the S (LM)
and the L2M color-opponent mechanisms, the lu-
minance variation in the distractors should introduce
little or no variation in the signals generated within
the color-opponent channels by the distractors. Re-
sults for these two conditions are shown for three
observers in the other three panels of Fig. 4. Again
log response times are plotted against the S (L
M) excitation of the target. For both conditions re-
sponse times decrease with increasing target
S (LM) excitation. As in Experiment 1, there is
very little difference in search performance for these
two conditions. The mean difference in response times
for Conditions 1 and 2 was 0.005 log units
(S.D.0.093). Variation in the achromatic signals
generated by the distractors had little effect on per-
formance.
3.7. Conditions 3 and 4
The stimuli for Conditions 3 and 4 are shown in the
lower right panel of Fig. 5. The distractors in these two
conditions appeared bluish and the chromaticity of the
distractors was fixed at L0.666, S3.90. In these two
conditions the target appeared to be less blue than the
distractors, which appeared to be a fairly saturated blue.
In Condition 3 all of the distractors (cross) within a
display were presented at a luminance of 7.5 cd:m2 and
were identical to each other. In Condition 4 the
luminance of the distractors (open squares) within each
display varied from 1.5 to 13.5 cd:m2. The variation in
the luminance of the bluish distractors introduced
variation in the signals generated within the S (LM)
color-opponent mechanism by the distractors. If ob-
servers used S (LM) signals to search for targets it
Fig. 5. Stimuli for Conditions 3 and 4 of Experiment 2 are shown in the lower right hand panel. Mean response times in log ms are shown as
a function of target S (LM) for three observers in the other panels. Condition 3 is indicated by crosses and Condition 4 is indicated by
squares.
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Fig. 6. Stimuli for Condition 5 of Experiment 2 are shown in the lower right hand panel. Mean response times in log ms are shown as a function
of target S (LM) for three observers in the other panels. Results for Condition 3 are indicated by crosses and results for Condition 5 are
indicated by squares.
would be expected that performance in Condition 4
would be poorer than in Condition 3, because some of
the distractors produce signals in the S (LM)
color-opponent mechanism similar to the signals pro-
duced by the target. Results for three observers are
shown in the other three panels of Fig. 5. Response
times increase with increasing target S (LM) exci-
tation. As in Experiment 1 there is very little difference
in results for Conditions 3 and 4. The mean difference
between Conditions 3 and 4 was 0.002 log units
(S.D.0.099). Results indicate that the S (LM)
signals were not used in the searches of Condition 4.
3.8. Condition 5
Condition 5 was created to determine if observers
might use S (LM) signals when this was an effi-
cient means of locating the target. Targets of varying
chromaticity were chosen from the same line used to
select targets in Conditions 3 and 4. Distractors in each
display varied in luminance as in Condition 4 but the
chromaticity of the distractors covaried with the lumi-
nance so as to hold the S (LM) signals generated
by the distractors constant. The targets (filled circles)
and distractors (open squares) are shown in the lower
right panel of Fig. 6. If observers can use the S (L
M) signals to search for targets, performance is this
condition would be similar to performance in Condi-
tion 3. Results for Condition 5 (open squares) are
shown for three observers in the other three panels of
Fig. 6. Results from Condition 3 (crosses) are replotted
from Fig. 5 for observer BC. For the other two observ-
ers results for Condition 3 were obtained concurrently
with those for Condition 5. Again performance in
Condition 5 is poorer than in Condition 3, though the
differences are not as large as those obtained in Exper-
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iment 1. The mean difference between the 16 chro-
maticities measured in both conditions was 0.252 log
units (S.D.0.162) or a factor of 1.79. The results
again indicate that observers cannot use S (LM) to
search efficiently for the targets in Condition 5.
4. Discussion
The results obtained in Experiments 1 and 2 have
several implications for models of color coding and
visual search. The comparison of results from Condi-
tions 1 and 2 in each experiment suggest that introduc-
ing variation in the achromatic signals generated by the
distractor stimuli has little effect on searches for chro-
matic targets when the chromaticity of the distractors
was chosen so as to produce little or no excitation in
the opponent color mechanisms. The mean difference in
log response times for these two conditions was 0.058
log units across the two experiments. In Condition 2
the target stimulus actually differed from the distractors
to a greater degree than in Condition 1 because the
target differed from each distractor in both chromatic-
ity and luminance. Observers might have combined
information about chromaticity and luminance differ-
ences to rule out some stimuli as candidate targets and
thus improve performance relative to Condition 1
(Wolfe, 1994). On the other hand the heterogeneity of
the distractors in Condition 2 might have interfered
with the detection of the target if decreased similarity
between nontargets generally makes searches more
difficult (Duncan & Humphreys, 1989). Neither of these
possible outcomes is supported by the results. It is
possible that both effects are present and cancel each
other leaving no effect on search times. However, it
seems unlikely that the two effects would cancel so well
over the wide range of conditions tested. The similarity
in performance in the two conditions suggests that
observers use only signals in color-opponent channels
to locate the target and properties of the distractors
that are coded in other neural mechanisms have little or
no effect on performance.
In Condition 4 of each experiment, variation in lumi-
nance was again introduced into the distractor stimuli,
but in this condition the chromaticity of the distractors
was chosen so that the luminance variation would
produce variation in the signals generated by the dis-
tractors in the peripheral color-opponent mechanisms.
If the observer used color-opponent signals that varied
with stimulus luminance to perform the search, this
variation should have made it much more difficult to
detect the targets in Condition 4 than in Condition 3
since some of the distractors should have generated
color-opponent signals similar to the color-opponent
signals generated by the target stimuli. The difference in
mean log response times for Conditions 3 and 4 across
the two experiments was only 0.032 log units, approxi-
mately the same size as the difference between Condi-
tions 1 and 2. The results suggest that the
color-opponent signals used by observers do not vary
with luminance as do the signals generated in the two
peripheral color-opponent mechanisms of the optic
nerve and the LGN. The results suggest that the ob-
servers use color-opponent signals that are independent
of luminance to perform the search.
In Condition 5 distractors again varied in luminance
but the chromaticities of the distractors were chosen so
that the color-opponent signals generated in the periph-
eral color-opponent channels were approximately the
same for all of the distractors regardless of luminance
level. This condition was designed to determine whether
observers might access color-opponent signals that
varied with luminance if this were an efficient means of
finding the target. Performance in this condition was
clearly poorer than in Conditions 3 and 4. On the
average search times were approximately 0.376 log
units longer or a factor of about 2.4 times longer.
Results suggest that observers cannot readily access
signals like those in the peripheral color-opponent
mechanisms in the search task. Results in Condition 5
are similar to results obtained by Palmer and Teller
(1993) in a search task with a threshold measure rather
than a response time measure. In one of their condi-
tions observers searched for targets that were redder, or
generated a larger L2M signal, than distractors. All
of the distractors were chosen to produce the same
L2M signal, but varied in luminance and in the
S (LM) signals they generated. Thresholds for de-
tecting the redder target were higher in this condition
than in a condition in which all of the distractors were
identical in luminance and chromaticity. Our results
suggest that the introduction of luminance variation in
the distractors would be sufficient to raise the
threshold, but it is unclear whether the introduction of
variation in the S (LM) also contributed to their
result.
Overall, the results of the experiments suggest that
observers use only a chromatic signal to detect the
target and that the chromatic signal used is independent
of stimulus luminance. That is, achromatic signals gen-
erated by the stimuli must interact with the luminance-
varying signals in peripheral color-opponent
mechanisms to produce a chromatic signal that does
not vary with luminance. Several studies reviewed in
the introduction have suggested that higher order
mechanisms may recombine signals from the color-op-
ponent pathways in the peripheral visual system. In
many of the models based on these studies, both an
achromatic signal and a chromatic signal are extracted
from the peripheral color-opponent pathways. The ex-
periments described here suggest that chromatic signals
extracted by mechanisms that mediate visual search
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may be independent of luminance. Such signals could
be produced by dividing a luminance-dependent color-
opponent signal by an achromatic signal.
Several studies of threshold and near-threshold stim-
uli reviewed in the introduction have indicated that
chromatic and achromatic signals are independent, or
nearly independent, of each other for stimuli near
threshold. In this work thresholds for detecting chro-
matic contrast are nearly unaffected by achromatic
signals that are at or near threshold. These experiments
have been taken as support for the notion that chro-
matic and achromatic signals that mediate threshold
travel in independent neural pathways. However, some
of these studies also show that strong achromatic sig-
nals, more than 20–40 times threshold, mask chromatic
signals and raise the threshold for detecting chromatic
contrast (Cole et al., 1990; Mullen & Losada, 1994).
Mullen and Losada (1994) have suggested that the
masking may occur as a result of interactions between
independent chromatic and achromatic pathways that
involve divisive response scaling of chromatic signals by
achromatic signals at high contrasts. Interactions of
this type could produce chromatic signals that are
independent of stimulus luminance at high luminance
contrasts. Thus the results obtained with the search
task are not necessarily in conflict with the data ob-
tained in contrast threshold experiments.
Early work on the visual search task suggested that
observers could search in parallel across the visual field
the output of only one feature channel at a time. The
feature channels appeared to be similar to the low level
mechanisms that coded primitive aspects of the stimu-
lus such as color, luminance, orientation, spatial fre-
quency, and depth. Several experiments showed that
when an observer was required to search for a target
that could only be found by combining information
from two of these feature channels (conjunction
searches) the search was slow and serial in nature (see
Treisman & Sato, 1990; Wolfe, 1994). These experi-
ments suggested that local attention was required to
combine information in different feature channels at a
particular location in the visual field and that informa-
tion from different channels could not be combined at
many locations in the visual field simultaneously. Sub-
sequent experiments however showed that, at least in
some cases, information from two or more feature
channels could be combined at many locations simulta-
neously to produce searches nearly as fast as those
obtained with single feature searches. For example
Nakayama and Silverman (1986) (see also Wolfe, Cave
& Franzel, 1989) found that a target defined by a
particular depth plane (stereoscopicly produced) and
color could be found rapidly among distractors that
shared the depth plane or target color but not both.
Their results suggest that observers might be able to
limit searches to a particular depth plane and search
only stimuli in that depth plane for the target color.
The process mediating the combination of information
in two or more channels in parallel across the visual
field has sometimes been called segregation. The notion
is that information in one channel is used to select
locations in the visual field which are then analyzed for
the target feature in another feature channel (D’Zmura,
Lennie & Tiana, 1997). Recent models of the search
process have attempted to incorporate attentional
mechanisms capable of producing such segregation
(Treisman & Sato, 1990; Wolfe, 1994). It seems unlikely
that such segregation processes could have been respon-
sible for the results in the experiments described above.
In displays containing distractors of variable lumi-
nance, the target luminance was always near the center
of the range of distractor luminances and each display
contained distractors with a luminance similar to the
target luminance. Furthermore the results of Condition
2 confirm that achromatic information about differ-
ences between target and distractors has no effect on
performance. Thus it seems unlikely that achromatic
signals were used to segregate a set of locations that
potentially contained the target.
It is possible that Weberian adaptation in the cone
receptors could produce chromatic signals that are lu-
minance invariant, at least in conditions where the
observer viewed the stimuli for a period long enough to
produce sufficient adaptation. This explanation of the
results seems unlikely for a couple of reasons. If cone
adaptation were responsible for producing luminance
invariant chromatic signals, we might expect that varia-
tion in the luminance of the distractors would have
little effect when the search was difficult and the ob-
server viewed the display for a relatively long period of
time before responding. But when the search was easy
and the observer responded before there was sufficient
time to adapt to the stimuli, the chromatic signals
would vary with stimulus luminance resulting in slower
searches. There is no evidence for this in the results.
Also it appears that it was necessary for observers to
make several eye movements in the more difficult con-
ditions in order to locate the target. With each eye
movement stimuli fell on different retinal locations. It
seems likely that the eye movements would prevent
complete adaptation from occurring in the cones.
A more likely explanation for the results is that the
visual search task is mediated by higher order color
mechanisms that combine information from low level
peripheral mechanisms such as those that limit contrast
detection. Higher order color mechanisms have been
suggested for several other reasons as described in the
introduction. Evidence from visual search tasks
(D’Zmura, 1991) suggests that searches for targets
defined by color are mediated by higher order color
mechanisms tuned to many directions in color space as
opposed to only two mechanisms, like those in optic
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nerve and LGN, tuned to the cardinal directions. The
results presented here suggest that the chromatic signals
in these mechanisms may be scaled by achromatic
signals at high luminance contrasts and thus indepen-
dent of stimulus luminance rather than covarying with
luminance as do signals in peripheral color mecha-
nisms. In general the view that mechanisms of visual
search operate on primitives coded at very low levels in
the visual system, such as those revealed by detection
experiments, may be questionable. In further work, we
plan to investigate the nature of the mechanisms that
mediate searches for targets that differ from distractors
in both chromaticity and luminance.
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